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Abstract

Pathological scars are a type of disease characterized by abnormal fibrous hy-
perplasia, including two types: hypertrophic scars and keloids. They are the
result of abnormal hyperplasia during the process of skin wound healing,
which seriously affects the appearance and quality of life of patients. In recent
years, an increasing number of studies have shown that the inflammatory re-
sponse plays a crucial role in the formation and development of pathological
scars. Inflammation is a defensive response of the body to injury or infection,
involving the interaction of multiple cells, mediators, and signaling pathways.
During the process of skin wound healing, the inflammatory response stage is
essential for clearing pathogens and promoting tissue repair. However, exces-
sive inflammatory response or abnormal release of inflammatory mediators
may lead to abnormal hyperplasia of scar tissue. Studies have found that the
expression levels of various inflammatory factors, such as tumor necrosis fac-
tor-a (TNF-a), interleukin-1 (IL-1), interleukin-6 (IL-6), and transforming
growth factor- B (TGEF-p), etc., are significantly higher in pathological scar tis-
sues than in normal skin tissues. These inflammatory factors participate in the
formation of pathological scars through multiple pathways, such as activating
fibroblasts, inducing excessive deposition of the extracellular matrix, and pro-
moting angiogenesis. Oxidative stress and the regulation of microRNAs can
induce the expression and release of inflammatory factors, thus indirectly pro-
moting the formation of pathological scars. Through a comprehensive analysis
of relevant domestic and foreign literature, this study systematically expounds
the specific mechanisms of action of inflammatory factors, fibroblasts, oxida-
tive stress, and microRNAs in the occurrence and development of pathological

scars.
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1. Overview of Inflammatory Factors

Wound healing constitutes a dynamic and complex biological process character-
ized by the precise coordination of multiple cell types. During this process, various
cells exhibit distinct functions and contributions in the hemostasis phase, inflam-
matory response, tissue proliferation, and remodeling stages. Inflammatory fac-
tors are a class of biologically active molecules that play a crucial role in the in-
flammatory response, including pro-inflammatory factors and anti-inflammatory
cytokines. A large number of factors, such as IL-6, IL-8, IL-18, chemokine-like
factor-1 (CKLF-1), and prostaglandins produced by cyclooxygenase (COX-1), ex-
hibit pro-inflammatory effects in tissue injury [1]. The main inflammatory factors
involved in keloid formation include interleukin-6 (IL-6), transforming growth
factor-B (TGEF- f), and tumor necrosis factor-a (TNF-a) [2]. IL-10 and NF-«B [3]
are also factors involved in scar formation. IL-6 is a lymphokine mainly produced
by fibroblasts and activated T cells, which can accelerate B cell proliferation, pro-
mote cell differentiation and natural killer cell lysis, and is an important indicator
for clinical infectious diseases [4]. IL-6 is a key pro-inflammatory cytokine, and
the inflammatory response it mediates is a critical factor in keloid pathogenesis
[5]. It induces fibroblast differentiation into myofibroblasts through the JAK/STAT3
pathway, promoting the expression of a-SMA and COL1A1 and scar formation.
TGF-pis a cytokine involved in the regeneration stage of the healing process.
TGEF-pis present in all tissues and consists of three subtypes: f1, 52, and 33. Over-
expression or imbalance of TGF- S can lead to excessive extracellular matrix dep-
osition, thereby exacerbating scar formation. NF-«B, as a key inflammatory-re-
lated transcription factor, is widely involved in regulating gene expression and
signal transduction pathways related to the inflammatory response. It has been
extensively studied in the context of cellular immune responses, particularly in
the pathological mechanisms of infection, inflammation, and autoimmune dis-
eases. Reports have shown that NF-«B can upregulate the expression of pro-in-
flammatory cytokines such as TNF-aq, IL-1p, and IL-6 [6]. TNF-a activates the
NF-«B signaling pathway, upregulates the expression of IL-6 and IL-8, and pro-
motes fibroblast proliferation. Macrophages are the main cells expressing the anti-
inflammatory cytokine IL-10. IL-10 can inhibit the pro-inflammatory cytokines
to exert anti-inflammatory effects [7]. Studies have shown that IL-10 regulates the
TLR4/NF-«B pathway in dermal fibroblasts through the IL-10R/STATS3 axis, re-
ducing ECM protein deposition and fibroblast transformation into myofibro-
blasts, thereby alleviating LPS-induced skin scar formation [8]. The anti-inflam-
matory and anti-scar effects of IL-10 have also been confirmed in gene knockout

animal experiments. Pro-inflammatory factors and anti-inflammatory factors in-
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teract to form a complex network that regulates the development and outcome of

inflammation.

2. Role of Inflammatory Factors in the Formation of
Pathological Scars

2.1. Inflammatory Response and Wound Healing

Due to various reasons, skin surface injuries occur frequently [9]. During the pro-
cess of tissue damage, there is a common response to the injury, including several
overlapping events, known as wound healing. Wound healing is a dynamic pro-
cess involving many cellular participants and structures, and these cellular and
molecular events are highly coordinated and controlled [10]. Normal wound heal-
ing is divided into three stages: the inflammatory phase, the proliferative/granu-
lation phase, and the maturation/remodeling phase. After skin injury, inflamma-
tion first occurs in the local tissue [11]. The inflammatory process begins with tissue
damage, which activates platelets, neutrophils, and macrophages, prompting them
to release inflammatory mediators and cytokines, thereby participating in the re-
cruitment of inflammatory cells, fibroblasts, endothelial cells, and epithelial cells.
The subsequent proliferative stage is characterized by the activation of fibroblasts,
the differentiation of myofibroblasts, and the accumulation and deposition of ex-
tracellular matrix (ECM). The third healing stage is matrix remodeling, including
scar tissue remodeling [12]. In the early stage of repair, inflammatory cells exert
pro-inflammatory effects through cytokines. Usually, the repair and healing stage
begins after 72 hours, and collagen remodeling is ultimately completed [13]. Stud-
ies have shown that chronic inflammatory responses are associated with scar for-
mation [14]. Inflammation is involved in the regulation of collagen synthesis.
However, excessive inflammatory responses can lead to an imbalance between the
synthesis and degradation of extracellular matrix, thereby forming pathological
scars. The intensity of inflammation is positively correlated with the size of the

final scar.

2.2. Release and Interaction of Inflammatory Factors

The inflammatory phase is the initial stage of wound healing, and the inflammatory
response plays a crucial regulatory role in the outcome of wound healing. Exces-
sive and intense inflammation leads to the infiltration of inflammatory cells into
the wound site, generating a series of inflammatory cytokines, including interleu-
kin-14(IL-1p), IL-6, and tumor necrosis factor-a (TNF-a). These factors, in turn,
promote fibroblast proliferation and excessive collagen secretion, thereby facilitat-
ing the formation of hypertrophic scars (HSs) [15].

Approximately two hours after skin tissue damage, neutrophils are guided to
the injury site by inflammatory signals released by platelets and the resident im-
mune cell population in the tissue (including macrophages, dendritic cells, and
mast cells) to respond. Resident immune cells in the tissue are mature innate im-

mune cells that develop in the surrounding tissue and remain throughout their
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lifetime [16]. Resident immune cells secrete various chemokines that promote
neutrophil recruitment and chemotaxis, i.e. migration to the wound site. Neutro-
phils are among the first inflammatory cells to arrive at the injury site. They play
a key role in clearing debris and preventing infection by releasing reactive oxygen
species, proteases, antimicrobial peptides, and neutrophil extracellular traps (NETSs),
and by phagocytosing and killing pathogens [17]. Mast cell-derived mediators en-
hance the expression of factor XIIla in dermal dendritic cells by releasing TNF-aq,
which helps with hemostasis and clot formation and stabilizes the clot. Keratino-
cytes recruit mast cells to the site by secreting stem cell factor (SCF). Mast cells
then release a series of inflammatory mediators, including histamine, vascular en-
dothelial growth factor (VEGF), IL-6, and IL-8, which play a crucial role in in-
creasing endothelial cell permeability and promoting vasodilation, and effectively
induce the directional migration of inflammatory cells, especially monocytes and
neutrophils, to the damaged area. Mast cells can activate fibroblasts and keratino-
cytes, which are the main cells involved in wound healing. During the prolifera-
tion stage, mast cells promote the division and proliferation of fibroblasts through
the action of IL-4, vascular endothelial growth factor (VEGF), and basic fibroblast
growth factor (bFGF), thereby generating new extracellular matrix (ECM) com-
ponents. Mast cell-derived mediators, including fibroblast growth factor-2, VEGF,
platelet-derived growth factor (PDGF), TGF-f, nerve growth factor (NGF), IL-4,
and IL-8, contribute to angiogenesis, fibrogenesis, or re-epithelialization during
the repair process [18]. The primary source of wound-associated macrophages is
the circulating monocyte pool in the blood, which enters the injury site through
vascular leakage, while skin-resident macrophages are a secondary source. At the
injury site, resident macrophages polarize to an inflammatory phenotype, some-
times referred to as the M1 phenotype, in response to local pathogens, necrotic tis-
sue residues, and various factors such as IFN-y derived from natural killer cells.
M1 macrophages secrete pro-inflammatory factors such as IL-14, IL-6, IL-12, IL-23,
and TNF-q, further stimulating monocyte infiltration. Secreted IL-1 increases colla-
gen synthesis and promotes the proliferation of fibroblasts and keratinocytes [19].
Factors such as IL-14, IL-6, IL-12, IL-23, and TNF-a not only activate immune
cells but also promote the proliferation and differentiation of fibroblasts and in-
duce the synthesis of extracellular matrix. At the same time, their complex inter-
actions further intensify the intensity and persistence of the inflammatory re-

sponse.

2.3. Growth Factors and Scar Formation

During the inflammatory phase, inflammatory cells release various growth factors
that serve as core regulatory elements in tissue repair. These polypeptides, se-
creted by activated cells in the injured area, promote cell division and recruit new
cells to the wound site. Among them, platelet-derived growth factor (PDGF) is
rapidly released from damaged platelet a-granules, attracting neutrophils, macro-

phages, and fibroblasts while acting as a potent mitogen [20]. PDGF enhances fi-
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broblast proliferation and migration via the PI3K/AKT/mTOR pathway and in-
duces VEGF expression, synergistically promoting scar vascularization (studies
show PDGF receptor inhibitors reduce scar thickness). Platelets also release TGF-
B, a key cytokine with diverse roles in wound healing and fibrosis. TGF-f1 syner-
gizes with PDGF by upregulating PDGF receptor expression, amplifying fibro-
blast sensitivity to PDGF. VEGF interacts with inflammatory factors: IL-6 stimu-
lates VEGF secretion via the STAT3 pathway, forming an “inflammation-angio-
genesis-fibrosis” axis. VEGF family members are critical regulators of tissue repair
but may also promote inflammation and scarring depending on receptor-specific
activation. Over the past decade, evidence has highlighted VEGF’s pivotal role in
scar formation, with elevated levels linked to normal scars, hypertrophic scars,
and keloids. Experimental studies demonstrate that VEGF inhibition reduces scar
tissue deposition. Notably, VEGFR-2 activation accelerates skin healing, while
VEGFR-1/VEGFR-3 activation may drive inflammation and fibrosis. Selective
VEGEFR-2 stimulation via viral VEGF-E enhances IL-10 expression, reduces mac-
rophage infiltration and myofibroblast differentiation, improves microvascular
density, and promotes pericyte coverage in healed wounds. Epidermal growth fac-
tor (EGF), another key peptide, coordinates cell growth, proliferation, and differ-
entiation during healing. Recombinant human EGF (rhEGF) is widely used to
accelerate repair by stimulating epithelialization, shortening the inflammatory
phase, and promoting organized collagen remodeling, thereby reducing fibrosis
[21].

3. Inflammatory Factors and Hyperplasia of Fibroblasts

3.1. Activation and Proliferation of Fibroblasts

The primary characteristics of skin scar formation include persistent activation of
myofibroblasts and excessive extracellular matrix (ECM) deposition. The exact mech-
anisms underlying scar formation remain unclear. However, fibroblasts are con-
sidered key cells involved in scar formation, as their abnormal proliferation and
excessive collagen deposition often lead to scarring. ECM remodeling is mediated
by myofibroblasts, which are differentiated fibroblasts [22]. Studies indicate that
myofibroblasts exhibit robust ECM-secreting capabilities and represent an activated
form of resident wound tissue fibroblasts. As the most critical effector cells associ-
ated with scar formation, myofibroblasts are typically activated during inflammatory

responses.

3.2. Regulatory Roles of Cytokines

Cytokines such as IGF-1, HIF-1, PDGF, and TGF-g play vital regulatory roles in
fibroblast proliferation and differentiation. They influence the synthesis and deg-
radation of the extracellular matrix by modulating fibroblast signaling pathways
and gene expression. During pathological scar formation, hyperdifferentiated my-
ofibroblasts exhibit uncontrolled ECM production, secrete cytokines, and become

hypersensitive even to low concentrations of growth factors. Overdifferentiated

DOI: 10.4236/jbm.2025.134016

174 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2025.134016

Z. H. Liang, Y. X. Rong

keratinocytes produce fibrotic factors, including vascular endothelial growth fac-
tor, epidermal growth factor, connective tissue growth factor, insulin-like growth
factor 1, and excessive TGF- S, which promote fibrosis through fibroblast hyperpro-
liferation and collagen overproduction at wound sites. Dysregulation of TGF-f
superfamily members, such as activin, also contributes to chronic wound healing
and excessive scarring. Activin promotes wound healing by stimulating granula-
tion tissue formation and keratinocyte proliferation [22]. Cytokine networks and
signaling pathways exhibit cross-regulation: for example, TGF-f1 induces IL-6
expression, while IL-6 enhances TGF-Sreceptor stability via STAT3, forming a pos-
itive feedback loop. Combined local delivery of TGF-g inhibitors and IL-10 syn-
ergistically inhibits fibrosis and promotes tissue remodeling. Additionally, IL-10 sig-
nificantly suppresses keloid fibroblast proliferation and differentiation by inhib-
iting the TGF- #/Smad signaling pathway, consistent with findings from previous
studies by Shi et al. [23].

4. Relationship between Oxidative Stress and Inflammatory
Factors

4.1. Concept and Impact of Oxidative Stress

Oxidative stress arises from the generation of oxygen- and nitrogen-based free rad-
icals and the imbalance in cellular antioxidant mechanisms. This state is driven and
mediated by free radicals released through physiological aerobic metabolic path-
ways and pathological inflammatory responses. Free radicals include reactive ox-
ygen species (ROS) and reactive nitrogen species (RNS), with ROS encompassing
superoxide anions ( O; ), peroxides, hydroxyl radicals (HO-), and singlet oxygen
(*O,) [24]. In the body, when ROS production exceeds normal levels or antioxi-
dant defense mechanisms weaken, significant accumulation of ROS and its deriv-
atives occurs. This state poses toxic threats to cellular structures and tissue func-
tions, constituting a pathological condition. NAD* and NADH act as coenzymes,
providing redox capacity for mitochondrial ATP generation. NAD" serves as the
precursor for NADP and NADPH, which protect cells from ROS damage. Con-
versely, NADPH oxidase 2 (NOX2) catalyzes molecular oxygen to generate super-
oxide, a major source of cellular ROS. Excessive ROS production leads to intracel-

lular oxidative stress and inflammation [25].

4.2. Pro-Inflammatory Mechanism of Oxidative Stress

In keloid tissues, the TGF-f1/SMAD signaling pathway is significantly activated,
accelerating the progression of dermal fibrosis. Elevated ROS levels have been ob-
served in keloid fibroblasts. Specifically, TGF- 81 enhances the fibrotic character-
istics of fibroblasts and promotes the expression of early growth response factor 1
(EGR1) through precise regulation of the SMAD signaling pathway in keloids.
EGR1 plays a critical role by directly targeting NADPH oxidase 4 (NOX4), effec-
tively regulating ROS generation. Furthermore, NOX4-derived ROS promotes the
fibrotic-like phenotype of keloid fibroblasts and plays a key role in keloid fibrosis
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[26]. Under oxidative stress, miR-21 (pro-fibrotic) is upregulated, while miR-29
(anti-fibrotic) is downregulated, exacerbating extracellular matrix (ECM) deposition.
ROS also activates multiple signaling pathways: for example, ROS triggers ERK, JNK,
and p38 MAPK pathways to induce fibroblast proliferation, while simultaneously
upregulating pro-inflammatory factors (IL-6, TNF-a) via NF-«B, forming an inflam-
mation-fibrosis positive feedback loop. This process induces the expression and
release of inflammatory factors. Concurrently, inflammatory factors further promote
ROS production and accumulation, creating a vicious cycle. Such interactions ex-

acerbate scar formation and progression.

5. Role of MicroRNA in Regulating Inflammatory Factors
5.1. Overview of MicroRNA

MicroRNAs (miRNAs) are small, endogenous, non-coding single-stranded RNA
molecules composed of 18 - 22 nucleotides (nt). They post-transcriptionally regulate
gene expression by directly binding to the 3’ untranslated region (UTR) of target
mRNAs [27]. Numerous types of non-coding RNAs have been identified, which are
abundant and capable of modulating gene expression. These include transfer RN As
(tRNAs), ribosomal RNAs (rRNAs), small RNAs such as microRNAs (miRNAs) and
small interfering RNAs (siRNAs), as well as long non-coding RNAs (IncRNAs).
Recent studies have revealed distinct expression levels of miRNAs and IncRNAs
in keloid tissues and keloid-derived fibroblasts compared to normal tissues and
fibroblasts, suggesting that non-coding RN As may play a role in the pathogenesis
of keloids [28].

5.2. miRNA Regulation of Inflammatory Factors

In recent years, research on miRNAs has grown significantly, spanning fields from
tissue repair to targeted cancer therapies. This study demonstrates that miR-152-
5p expression is markedly reduced in keloid tissues and their constituent cells.
Through regulatory mechanisms, this miRNA inhibits Smad3 expression in ke-
loids, thereby suppressing cell proliferation and migration while promoting apop-
tosis. MiR-152-5p may exert anti-fibrotic effects in keloids by modulating Smad3-
mediated activation of Erk1/2 and Akt [29]. Similarly, miR-182-5p inhibits fibro-
sis and scar formation in hypertrophic fibroblasts (HFs) via the SMAD4 pathway,
with its anti-scarring effects potentially linked to the regulation of proliferation,
apoptosis, and migration [30]. Overexpression of miR-149 in HaCaT cells down-
regulates the expression of pro-inflammatory cytokines IL-1a, IL-1/, and IL-6 un-
der both basal and inflammatory conditions. Furthermore, miR-149 indirectly en-
hances the expression of transforming growth factor- 33 (TGF-£3) and type I1I
collagen in fibroblasts, which are essential for extracellular matrix remodeling
[31]. TGF-p1, which is upregulated in keloid tissues, promotes the proliferation,
collagen production, and differentiation of dermal fibroblasts. During keloid for-
mation, the interaction between TGF-f1 and miR-21 plays a central role in reg-

ulating FasL protein. Concurrently, activation of the PTEN/AKT signaling path-
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way and upregulation of miR-21 collectively contribute to TGF- f1-mediated pro-
liferation and transdifferentiation of keloid fibroblasts (KFs). Inhibition of miR-
21 expression effectively reduces KF proliferation and impedes transdifferentiation,
suggesting that miR-21 may serve as a therapeutic target for keloids. Additionally,
another study found that miR-21 promotes collagen production in keloids by neg-
atively regulating Smad7 [32]. These findings provide novel insights into the po-
tential application of miRNAs in the prevention and treatment of pathological

scarring.

6. Summary and Conclusion

In summary, oxidative stress, microRNAs, inflammatory factors, cytokines, and
growth factors play crucial roles in the formation and development of pathological
scars. Their complex interactions promote fibroblast proliferation and differenti-
ation, induce extracellular matrix synthesis, and regulate immune responses through
multiple mechanisms, collectively contributing to scar formation. Therefore, in-depth
investigation of the relationship between inflammatory factors and pathological scars,
along with exploration of the underlying molecular mechanisms, holds significant
importance for developing effective prevention and treatment approaches. Future
research should focus on elucidating specific signaling pathways and regulatory
networks of inflammatory factors, thereby providing novel therapeutic targets and

strategies for managing pathological scars.
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